Heme, a physiologically crucial form of iron, is a cofactor for a very wide range of proteins and enzymes. These include DNA regulatory proteins in which heme is a sensor to which an analyte molecule binds, effecting a change in the DNA binding affinity of the regulator. Given that heme, and more generally iron, must be carefully regulated, it is surprising that there are no examples yet in bacteria in which heme itself is sensed directly by a reversibly binding DNA regulatory protein. Here we show that the Rhizobium leguminosarum global iron regulatory protein Irr, which has many homologues within the ␣-proteobacteria and is a member of the Fur superfamily, binds heme, resulting in a dramatic decrease in affinity between the protein and its cognate, regulatory DNA operator sequence. Spectroscopic studies of wild-type and mutant Irr showed that the principal (but not only) heme-binding site is at a conserved HXH motif, whose substitution led to loss of DNA binding in vitro and of regulatory function in vivo. The R. leguminosarum Irr behaves very differently to the Irr of Bradyrhizobium japonicum, which is rapidly degraded in vivo by an unknown mechanism in conditions of elevated iron or heme, but whose DNA binding affinity in vitro does not respond to heme.
only a very few known transcriptional regulators respond to and interact with heme. For example, Rhodospirillum rubrum CooA, a member of the CRP regulatory family, is a CO-sensing regulator of the CO oxidation pathway (6) . But, until now, there are no examples of bacterial regulatory proteins that modulate DNA binding affinity directly and solely in response to heme binding.
Heme and iron metabolism are intimately connected, and, in many organisms, evolution has favored regulatory networks in which iron is sensed directly as Fe 2ϩ , giving rise to the iron regulatory paradigms of Fur and DtxR. The very widespread Fur transcriptional regulator contains DNA binding and sensory domains. When bound to Fe 2ϩ , the protein binds to Fur box operator sequences 5Ј of Fur-regulated genes, thereby (usually) repressing their transcription in iron-sufficient conditions (7) . When iron is scarce, Fe 2ϩ -depleted Fur dissociates from its target operators, switching on genes involved in (e.g.), iron recruitment and uptake. DtxR, a functionally similar but evolutionarily unrelated Fe 2ϩ -sensing global iron regulator, occurs in some high GC Gram-positive bacteria (8) .
Recently, it was established that the Fur/DtxR mode of regulation is far from universal in bacteria: a wide range of ␣-proteobacteria, including some of the most abundant bacteria on Earth, either lack Fur or contain Fur homologues that are relegated to more parochial, or different, regulatory roles including the sensing of manganese, rather than iron, availability (9 -11) . R. leguminosarum, which forms N 2 -fixing nodules on various legume plants, and its close relatives, the phytopathogens Agrobacterium (12) and mammalian pathogens Brucella (13) and Bartonella (14) as well as Sinorhizobium meliloti (15) and Mesorhizobium loti (16) (which nodulate alfalfa and Lotus, respectively), contain two novel, wide-ranging iron-responsive transcriptional regulators, RirA and Irr. RirA recognizes cisacting iron regulatory sequences (RirA-boxes) that precede genes whose function (e.g. iron uptake) are of the type that would be repressed by Fur in bacteria that use Fur as the primary iron-responsive transcriptional regulator (11, (17) (18) (19) (20) . However, RirA is unrelated to Fur, being in a family of regulators that includes IscR and NsrR (21, 22) . Like them, RirA is a predicted FeS cluster-binding protein.
Irr is in the Fur superfamily, but has important differences compared with Fur sensu stricto. Its major role is to repress many genes, such as those involved in heme biosynthesis or bacterioferritin production, under conditions of low iron availability. It does so, mostly, by binding to cis-acting regulatory sequences (iron control element (ICE) 4 boxes) that are 5Ј of the target genes, repressing their transcription. This differs from conventional Fur, which represses its target genes under ironsufficient conditions. Unlike other Fur family members (Fur, Mur, Zur), which require a metal cofactor to act as repressors (23) (24) (25) (26) , Irr proteins are repressors in the absence of their analyte molecule. And, rather than sensing iron directly, Irr proteins bind (and, so, sense) heme.
Thus, R. leguminosarum has two "opposing" regulators, which repress different portfolios of target genes under Fe-sufficient (RirA) or Fe-deficient (Irr Rl ) levels of iron. Because RirA and Irr respond to the availability of two biologically significant iron-containing molecules, FeS clusters and heme, respectively, their iron regulons may better sense the physiologically relevant status of iron, not just the concentration of the metal per se, as occurs in those organisms that use Fur or DtxR (10) . Furthermore, Irr and RirA interact with each other, each affecting the transcription of the other in response to iron availability (27) .
In contrast, in Bradyrhizobium japonicum, a member of the rhizobia that is related to R. leguminosarum, but which lacks RirA, both the positive and negative regulatory responses to Fe availability can be mediated by its Irr (here termed Irr Bj ), which has a more wide-ranging set of target genes than does Irr Rl in Rhizobium and its close relatives. Indeed, in iron-deficient cells, Irr
Bj can act as a positive regulator of some promoters, such as those involved in iron uptake although the reasons why some B. japonicum promoters are repressed and others are positively activated by Irr Bj are not clear (28) .
Irr
Bj has been studied in some detail (29 -33) . Heme binding to Irr
Bj
, which occurs via the enzyme ferrochelatase (34) , has the remarkable effect of forming a complex that is extremely unstable and is rapidly degraded via an unknown mechanism. Thus, in iron-replete conditions, Irr
Bj is unavailable to repress or activate its target genes.
Heme interacts with at least two different sites on Irr Bj . One of these, toward the N terminus of Irr Bj , is a heme regulatory motif (HRM), which is a widely distributed short sequence motif that is involved in heme-mediated regulation in many different proteins (35) . The other site is an internal, histidinerich (HXH) motif (33) . In addition to functional differences, there are significant differences in the sequences of the Irr Bj and the Irr Rl polypeptides. Most notably, the latter lacks the important N-terminal HRM motif of Irr Bj , and so the mechanism by which it senses heme is unclear. Therefore, we set out to investigate in more detail the functions and the biochemical properties of Irr
Rl . Here, we use in vivo and in vitro studies to show that Irr Rl also binds heme, but that this does not affect its stability in vivo. However, it does cause the protein to lose its high affinity DNA binding ability, via a conformational change. This is the first example of a bacterial DNA regulatory protein in which DNA binding affinity is modulated directly by heme.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Media-Strains and plasmids used in this study are shown in Table 1 . Escherichia coli was routinely grown on LB complete and Rhizobium on TY complete medium (36) , with incubation at 37 or 28°C, respectively. For Western blot analysis, Rhizobium was grown in Y minimal media (36) with: 40 M 2,2Ј-bipyridyl added to reduce the available iron content (iron-limiting, -Fe); 20 M FeCl 3 to enrich the iron (iron-replete, ϩFe); or, 10 M hemin to increase (38) . Plasmids were conjugated from Escherichia coli to R. leguminosarum by triparental mating (39) . R. leguminosarum genomic DNA was isolated using a Promega preparation kit. Fragments containing R. leguminosarum irr (gene ID number RL0115), with and without its native promoter, and the mbfA (RL0263) promoter were amplified by PCR from R. leguminosarum genomic DNA, with primers designed using the R. leguminosarum strain 3841 genome sequence (40) . The primers contained appropriate restriction sites, as shown in supplemental Table S1 . The PCR products containing irr were cloned into the T7 expression vector pET21a (Novagen), or, with its native promoter, into the wide host-range plasmid vector pOT2 (41) generating pBIO1632 and pBIO1735, respectively. The PCR product containing the mbfA promoter was cloned into the lacZ reporter plasmid pMP220 (42) , generating pBIO1553.
Histidine residues His-39, His-46, His-66, His-93, His-94, His-95, and His-128 were changed individually, or in combination (H93/94/95A), to alanines using a QuikChange XL mutagenic PCR kit (Stratagene) according to the manufacturer's instructions. The templates were either pBIO1632 or pBIO1735 plasmid DNA. The mutagenic primer pairs are shown in supplemental Table S1 . The products were transformed into E. coli XL-10 ultracompetent Cells (Stratagene), selecting for either ampicillin (for pET21a derivatives) or gentamicin (for pOT2 derivatives) resistance. Mutant plasmids were confirmed by DNA sequencing. Verified mutated plasmids (Table 1) were either used to transform E. coli BL21(DE3) for protein overexpression (pET21a-derivatives); or mobilized into wild type and irr mutant R. leguminosarum strains containing pBIO1553 (mbfA::lacZ fusion plasmid) or pBIO1580 (hemA1::lacZ fusion plasmid) (27) for ␤-galactosidase assays (for pOT2 derivatives).
Overexpression and Purification of Irr Rl -Typically, 500 ml of LB medium was inoculated with 5 ml of an overnight culture of E. coli BL21(DE3)/pBIO1632 and incubated at 37°C and 200 rpm until A 600 nm was ϳ0.6, at which point 200 M isopropyl-1-thio-␤-D-galactopyranoside was added, and the cultures were incubated with shaking for a further 4 h. Cells were harvested at 5,000 ϫ g for 20 min at 4°C and resuspended in 40 ml of 50 mM Tris-HCl, 50 mM KCl, pH 8.0 (buffer A). Lysozyme (0.22 mg/ml), DNase 1 (1 g/ml), RNaseA (10 g/ml), phenylmethylsulfonyl fluoride (100 M), benzamidine (0.1 mM), and DTT (10 mM) were added prior to sonication on ice. The lysate was centrifuged at 39,000 ϫ g for 20 min at 4°C and the pellet, which contained Irr Rl as inclusion bodies, was resuspended in 20 ml of buffer A containing Triton X-100 (1%, v/v) and DTT (0.1 mM) and incubated on ice for 1 h. The suspension was centrifuged twice at 39,000 ϫ g for 20 min at 4°C, and the resulting pellet was then solubilized in 10 ml of buffer A containing guanidine hydrochloride (6 M) and DTT (0.1 mM), and the suspension was centrifuged at 39,000 ϫ g for 20 min at 4°C. The supernatant was diluted into 1 liter of 50 mM Tris-HCl, 50 mM KCl, 10% glycerol (v/v), pH 8.0 (buffer B), ensuring a protein concentration of Ͻ1 mg/ml. The solution was loaded onto a 5-ml Hi-Trap DEAE anion-exchange column (GE Healthcare) previously equilibrated with buffer B. Irr
Rl was eluted in 25 ml of 50 mM Tris-HCl, 1 M KCl, 10% glycerol (v/v) pH 8 and dialyzed against buffer B. The purity of preparations was assessed by SDS-PAGE analysis. Purified Irr Rl was then exchanged into buffer A, 50 mM Tris-HCl, 50 mM KCl, pH 7.0 (buffer C), or 50 mM potassium phosphate, pH 8, as required.
Irr
Rl was isolated in a heme-free form, as determined by UVvisible absorption and ICP-AE spectroscopy.
Heme and Metal Ion Additions-For spectroscopic and analytical studies, metal ion and heme additions were made using a micropipettor (Gilson) or a microsyringe (Hamilton). For UV-visible difference absorption titration experiments, heme additions were made to the sample and reference cuvettes. Heme solutions (ϳ1 mM) were freshly prepared from hemin chloride (Sigma), in 50 mM Tris-HCl, 50 mM KCl, pH 8 (initially by adding 50 l of 5 M NaOH before slowly diluting to 5 ml with buffer) and quantified using the extinction coefficient, ⑀ 385 ϭ 5.5 ϫ 10
Ϫ1 . Spectroscopy-UV-visible absorption spectra were recorded using a Hitachi U-4010 or U-2900 spectrophotometer. CD spectra in the far-UV range (190 -250 nm) were recorded using a Jasco J-810 spectropolarimeter interfaced to a PC. CD intensity is expressed as molar ellipticity ([]) in units of deg cm 2 ⅐dmol Ϫ1 . Spectra were corrected for intensity due to the buffer. MCD spectra were recorded in the near-infra red region (700 -1900 nm) using a Jasco J-730 spectropolarimeter interfaced to a PC and fitted with a superconducting solenoid magnet with a 50 mm diameter room temperature bore (Oxford Instruments). At room temperature, MCD intensities are proportional to magnetic field and are plotted as M Ϫ1 cm Ϫ1 T
Ϫ1
. EPR spectra were measured with an X-band spectrometer (Bruker ER200D with an EPS 3220 computer system) fitted with an ESR9 liquid helium flow cryostat (Oxford Instruments). Spin intensities of paramagnetic samples were estimated by double integration of EPR signals measured at 15 K using 1.25 mM Cu 2ϩ , 10 mM EDTA as the standard. Electrophoretic Mobility Shift Assays-Double-stranded DNA probes containing the ICE that precedes the Irr-regulated mbfA gene of R. leguminosarum viz,: 5Ј-CTTTAGATTTA-GAATTATTCTAAAATATTG-3Ј (conserved ICE motif bases underlined) labeled at the 5Ј-end with fluoresceine (MWG Biotech) as required, or a mutated unlabeled ICE sequence: 5Ј-CTTTAGATTTAGAATTGCATTCTAAAATATTG-3Ј (containing two extra, highlighted, base pairs) were prepared by annealing complementary single-stranded oligonucleotides (100 pM of each in 100 l sterile H 2 O). The mixture was heated to 95°C for 10 mins and cooled slowly to room temperature. Mixtures were incubated at 25°C for 15 min and analyzed on 6% (w/v) non-denaturing polyacrylamide gels run in TBE electrophoresis buffer (90 mM Tris borate, 2 mM EDTA). Gels were pre-run at 100 V for 20 min, and electrophoresis was at 100 V for 25-30 min. Gels were imaged using a BIORAD FX imaging system.
Other Methods-Protein concentrations were determined by amino acid analysis (Alta Biosciences). Bound heme concentrations were determined using a modified version of the hemochromogen method (43) . Briefly, 0.68 ml of 12.34 M pyridine, and 0.5 ml of 0.6 M NaOH were added to 2.82 ml of heme-Irr Rl (concentration Ͻ20 M). Two 1.7-ml portions were removed, and 0.3 ml of 1.5 mM sodium dithionite was added to one, and 0.3 ml of 0.75 mM potassium ferricyanide to the other. A UVvisible difference absorbance spectrum was recorded, and the difference between absorbance at 556 and 538 nm was used to determine the heme B concentration (⌬⑀ 556 nm -538 nm ϭ 20.7 ϫ 10
). Binding isotherms obtained from spectroscopic titrations of Irr Rl with heme were analyzed using Origin software (Microcal, version 7) employing a single binding site model (where the free ligand concentration was unknown) and/or the program Dynafit (Biokin, CA) for single site and two site binding models (44). The EPR S ϭ 1 ⁄ 2 low spin heme signal was simulated using the program Simfonia (Bruker BioSpin).
Irr
Rl antiserum was obtained from Cambridge Research Biochemicals Ltd using rabbits injected with purified apo-Irr Rl . Western blots were performed by separating samples using 15% SDS-PAGE, transferring to polyvinylidene fluoride transfer membrane (GE Healthcare) using a miniVE electro-transfer unit (Hoefer), blocking the membrane with 10% (w/v) milk powder in phosphate buffered saline and probing with a 0.1% (v/v) solution of Irr Rl antiserum in PBS containing 5% (w/v) milk powder. Following a thorough wash step, signals were developed using a 0.02% (v/v) dilution of peroxidase-conjugated goat anti-rabbit IgG serum (Sigma) together with chemiluminescence detection reagents (Amersham Biosciences ECL) according to the manufacturer's instructions.
RESULTS AND DISCUSSION

R. leguminosarum Irr Does Not Degrade under High Iron
Conditions-In B. japonicum, growth of cells in iron-replete medium leads to rapid degradation of Irr Bj via as yet unidentified mechanisms that depend on an interaction with heme (32, 34 Rl was observed at ϳ15 kDa (Fig. 1A) , which was absent in the irr mutant (Fig. 1B) . Thus, there was no interference in the Western blots from a second irr-like gene (pRL110146) in R. leguminosarum. Significantly, and wholly unexpectedly, bands corresponding to Irr
Rl were also detected, at similar levels, in wild-type cells grown continuously for 2 days under iron-replete conditions, or in which exogenous heme was present in the cultures (Fig. 1A) . Furthermore, the Western blots of wild-type cells that had been switched from iron-limiting to iron-replete media showed no loss of Irr polypeptide up to one hour after the switch (supplemental Fig. S1 ). These data demonstrate that Irr
Rl does not degrade in response to elevated iron levels, and we conclude, therefore, that Irr from R. leguminosarum operates via a mechanism that is distinct from the B. japonicum homologue. A second band (together with other, much weaker bands) was observed running at higher molecular weight in the Western blots. This was also absent in the irr mutant, demonstrating that it contains the Irr Rl polypeptide. The presence of Irr Rl in a higher molecular weight complex following SDS-PAGE was unexpected and suggests that this polypeptide can form very stable interactions with itself and/or other macromolecules. We note that Fur itself exists in solution as a mixture of oligomeric states (45 Rl purified (Fig. 1C) .
UV-visible absorption spectroscopy revealed that as-isolated Irr
Rl contained no heme, so the protein was titrated with a concentrated solution of heme and UV-visible difference absorption spectra were recorded ( Fig. 2A) . Positive bands were seen, with increasing intensity at 414, 536, and 560 nm, with concomitant negative features at 360 and 625 nm. These changes demonstrated a significant change of the heme environment upon binding to Irr Rl and that Irr
Rl binds heme in a principally low spin environment. To determine heme affinities, the titration was repeated at low concentration (supplemental Fig. S2) , and the data fitted to a two site model (inset, Fig. 2A The UV-visible absorbance spectrum of heme-Irr Rl following a gel filtration clean-up step (Fig. 2B) was consistent with the 
ϩH). Purified Irr
Rl was run as a control (right hand lane), and the masses of observed bands are indicated. Blots were developed using anti-Irr serum as described under "Experimental Procedures." C, SDS-PAGE of purified Irr
Rl showing that the protein, with mass of ϳ15 kDa, is Ͼ95% pure.
difference absorption titration data in that heme was bound principally in a low-spin state, with heme bands at 412 nm (Soret band) and 533 nm, with a shoulder at 562 nm (␣/␤ bands). A weak band at ϳ630 nm indicated a minor contribution of high spin heme. To investigate the effects on the spectrum of the oxidation state of heme, the Irr Rl -heme complex was reduced with an excess of sodium dithionite. This resulted in a red shift of the Soret band to 426 nm and a characteristic sharpening of the ␣/␤ bands at 528 and 559 nm. Hemochromogen heme quantification revealed binding of ϳ1.5 hemes per Irr Rl polypeptide, consistent with more than one binding site per Irr
Rl molecule, with relatively modest affinities. The low temperature EPR spectrum of a gel-filtered sample of ferric heme-loaded Irr Rl (Fig. 3A) contained signals at g ϭ 2.95, 2.26, and 1.55, assigned to an S ϭ 1 ⁄ 2 low spin heme species. Signals at g ϭ 5.75 and 2 were also observed, indicating some S ϭ 5 / 2 high spin heme. A low intensity signal at g ϭ 4.3, characteristic of adventitiously bound Fe 3ϩ , was also observed. Simulation of the low spin heme signal (inset, Fig. 3A) suggested an additional underlying, low intensity feature at g ϭ ϳ2.4 (gray arrow). Other low intensity features (at g ϭ ϳ12.2 and 3.3, gray arrows) were observed previously for hemin chloride (46) and are assigned to small amounts of nonspecifically bound, heme dimers/oligomers. Quantification of low spin heme in Irr
Rl samples, using a Cu 2ϩ standard, showed that the low spin heme signal accounted for only 38 Ϯ 3% of the total heme bound to Irr
Rl . Because the UV-visible spectrum indicated that nearly all the heme was low spin, it follows that ϳ0.9 hemes per Irr Rl (i.e. 60% of ϳ1.5 hemes per protein) were EPR silent. MCD spectroscopy provides important insight into the environment of protein-bound heme iron (47) . The NIR-MCD spectrum of Irr Rl containing ϳ1.5 hemes per protein featured a major ϳ1580 nm band, highly characteristic of bis-nitrogencoordinated low spin heme (Fig. 3B) . A second, much weaker feature at ϳ800 nm indicated a high spin heme in a likely nitrogen/OH Ϫ coordination environment. A further advantage of the NIR-MCD measurement is that it distinguishes low spin and high spin heme components, enabling more precise quantification of the low spin component. Again, this clearly demonstrated that one of the low spin hemes was EPR silent. Taken together, these spectroscopic analyses show that Irr contains two low spin ferric heme binding sites, and that at one of these the heme is not EPR active. This could be due to one of the low spin hemes being magnetically coupled (see below).
The HXH Motif of Irr Rl Is Important for Heme Binding-An alignment of Irr proteins (Fig. 4) , revealed that Irr Rl lacks the N-terminal HRM of Irr Bj , but does contain the HXH motif that is absolutely conserved among Irr homologues, and which has been shown to be important for heme binding in the B. japonicum protein (33) 
. (We note that in both Irr
Bj and Irr
Rl
, the "HXH" motif takes the form of HHH.) To investigate the role of this HXH motif for heme binding, we replaced His-93, His-94, and His-95 with alanine residues, generating a H93A/H94A/ H95A (termed HHH) variant. Far UV-CD showed that the HHH variant was folded correctly; both the wild-type Irr and the HHH variant contained negative bands at 208 and 222 nm (supplemental Fig. S3A ), indicative of a significant ␣-helical content, similar to that previously reported for E. coli Fur (48) . The heme binding behavior of the HHH variant was examined by UV-visible absorption, which revealed a significant increase in the ratio of high spin to low spin heme (supplemental Fig. S3B ). The Irr variants H39A, H46A, H66A, and H128A, in which His residues outside of the HXH motif were individually substituted, were also generated. In contrast to the HHH variant, UV-visible spectra of these Irr proteins did not reveal a change in the high to low spin ratio (supplemental Fig. S3B) . A difference absorption titration with heme (Fig. 3C) confirmed that the HHH Irr variant bound much less low spin heme than the wild-type protein. The data fitted well to a single site model, Fig. 3C ), indicating that the higher affinity heme site is likely disrupted in this variant. Heme analysis showed only ϳ0.8 hemes per protein, approxi- mately half of that in the wild-type protein. Taken together, these data point to a central role of the HXH motif in heme binding.
The EPR spectrum of HHH Irr Rl (Fig. 3A) , revealed a greater proportion of high spin heme than in wild-type Irr
. The low spin heme rhombic signals, with g-values at 2.95, 2.26, and 1.55, which are the same as with wildtype protein, were only marginally less intense. Thus, the EPR-active low spin heme has the same environment in both wild-type and HHH Irr
Rl proteins. The NIR-MCD spectrum of the HHH variant contained a band at ϳ1580 nm (Fig. 3B) , confirming that low spin heme binds to the protein, and that the heme axial coordination environment was bis-nitrogenous, as in wildtype Irr
. Importantly, though, quantification revealed that HHH Irr contained half as much heme as wild-type Irr
Rl protein and that all low spin heme in HHH Irr was EPR active. In combination, the data demonstrate that the HHH variant has lost the high affinity, EPR silent heme site of the wild-type protein.
The EPR silence of the heme that binds to the HxH motif site of wildtype Irr
Rl is very likely due to magnetic coupling between closely lying hemes. Fur family proteins are dimeric and a model of Irr based on structures of Fur (49, 50) , in which the HXH motif (which is conserved in Fur, PerR, Mur, and Zur proteins) is near the monomer-monomer interface of an Irr Rl dimer, provides an attractive explanation for how two HXH motif-bound hemes might be close enough to be magnetically coupled (supplemental Fig. S4) . Irr
Rl has a second, lower affinity ferric heme binding site. Heme bound at this site was EPRactive and the observed g-values together with the energy of the NIR-MCD band demonstrate bis-His axial coordination to this heme. Though the precise location of this binding is unknown, this site does not appear to be critical for Irr Rl function, because none of the single His variants outside the HXH motif were affected in their ability to bind DNA in vitro or to repress Irrregulated transcription in vivo (see below).
Heme Abolishes the Interaction between Irr
Rl and the ICE Box-Having shown that Irr binds heme, we used EMSA to examine the effect of heme on the binding of purified Irr
Rl to a fluoresceine-labeled oligonucleotide that contained an ICE box (Fig. 5A) .
The as-isolated Irr
Rl protein, which lacked any detectable heme, resulted in a shifted band. Importantly, addition of heme totally abolished the formation of this ICE box-Irr
Rl complex. In contrast, Fe 2ϩ or Fe 3ϩ had no apparent effect on the shifted band (Fig. 5A) . The retarded band was due to a specific interaction between the ICE box and Irr
Rl , because adding a 200-fold excess of unlabeled DNA that contained intact ICE box led to a loss of the shifted band, but this did not occur if the competitive DNA contained a mutated ICE box (Fig. 5B) . The behavior of Irr
Rl in response to heme contrasts markedly with Bj (Bj Irr) (but not in the other proteins) is boxed in gray. Individual sequence numbers are given on the right of each row. The alignment was created using ClustalW (52) and edited using Genedoc (53) .
that of Irr
Bj , in which binding of heme did not affect its DNA binding affinity (30) .
The HXH Motif of Irr Rl Is Important for Binding to the ICE Box and for in Vivo Function-To test the importance of the HXH motif and the other His residues for the DNA binding ability of Irr
Rl , EMSAs were carried out with the H39A, H46A, H66A, H128A, and HHH variants (Fig. 6A) . Strikingly, the HHH variant did not bind DNA, but all the single His variants exhibited normal DNA binding activity.
The promoter regions of mbfA and hemA1, which respectively encode an unusual membrane-associated ferritin and 5-aminolevulinic acid synthase, contain ICE boxes and both genes are repressed by Irr
Rl in iron-deficient R. leguminosarum cells (27) . We tested the importance of the His residues for the ability of Irr Rl to regulate these genes by constructing transcriptional fusion plasmids containing the hemA1 or mbfA promoters (pBIO1580 and pBIO1553, respectively) fused to lacZ of the promoter-probe reporter plasmid pMP220 and examining ␤-galactosidase activity in wild-type and Irr Ϫ R. leguminosarum strains. As expected, activity in the wild-type strain containing these fusions was higher in cells grown in iron replete than in iron-deficient medium, but in the Irr Ϫ mutant, their expression was constitutive, being unaffected by iron (Fig. 6B  shows data for the hemA1-lacZ fusion) . Complementation of the Irr Ϫ strain with wild-type irr Rl corrected the deregulated expression of both fusions (see Fig. 6B for data with hemA1-lacZ). Complementation with the single His Irr
Rl variants H39A, H46A, H66A, and H128A gave a similar result, although we note that H39A and H128A Irr variants resulted in somewhat lower expression. Thus, these two variant forms may retain some repressive ability in conditions that abolish the ability of wild-type Irr to repress hemA1-lacZ transcription, so binding to the ICE motif may not be completely abolished by heme binding to these variants. However, the overall effect is rather small, and we conclude that substitution of these residues does not significantly affect the iron-responsive regulatory function of Irr Rl in vivo. However, removal of the HXH motif completely abolished the ability of Irr Rl to repress this fusion (Fig. 6B) . A similar inability of the HHH mutant to repress mbfA-lacZ expression was observed (not shown). This loss of regulatory function was not due to instability of the mutant protein, because Western blot analysis showed normal levels of the polypeptide (supplemental Fig. S5) . Thus, the HXH motif, but not the other His residues, is absolutely required for ICE binding ability and for the in vivo function of Irr Rl , consistent with the in vitro EMSA data above.
In heme-free Irr Rl , the HXH motif is essential for high affinity DNA binding, and it is the binding of heme at this site that results in the loss of DNA binding activity. Heme binding to the HXH motif and loss of the HXH motif through substitution have the same effects, suggesting that the change of conformation caused by heme binding at the HXH motif can be mimicked by replacing the HXH motif with Ala residues. Thus, the arrangement of the His residues in Irr Rl must be important for the protein to adopt its DNA binding conformation. Disruption of this arrangement, either through binding heme or by mutation, leads to loss of DNA binding activity.
Mechanism of Transcriptional Regulation by Irr Rl and Comparison with Irr
Bj -Our findings lead to a novel model for the regulatory mechanism of Irr in Rhizobium in which heme binding at the HXH motif causes the protein, through a likely conformational change, to reversibly dissociate from ICE-box DNA. Thus, in iron-replete conditions, the suite of Irr Rl -regulated genes is no longer repressed. This regulatory end result is the same as that with Irr of Bradyrhizobium, but the interaction between heme and Irr Bj has a dramatically different outcome at a molecular level. Heme binding to Irr Bj renders the protein extremely unstable in vivo (but not in vitro), causing its rapid degradation, in which heme-and oxygen-mediated damage may be important in promoting protease-mediated degradation (51). This requires two sites, the internal HXH motif (33) common to all Irr proteins, and an N-terminal HRM, a motif that is involved in heme-mediated regulation in many proteins in a wide range of organisms (35 Bj acts as a positive regulator for some genes, such as those involved in siderophore uptake (28) . In contrast, Rhizobium and its close relatives (Brucella, Agrobacterium, Bartonella) use the very different regulator, RirA, to repress genes for iron uptake in iron-replete conditions. Bradyrhizobium lacks RirA, so its Irr may be more pivotal than in Rhizobium. Might the evolutionary driving force for the degradation of Irr Bj have been the requirement to ensure that it cannot bind to DNA under iron-replete conditions?
Irr is something of a signature protein for the ␣-proteobacteria, being found in nearly all genome-sequenced strains in this subphylum but, to date, in only two strains in other taxa (11) . Thus, this wide-ranging regulator, whose unusual heme binding properties distinguish it from other members of the Fur superfamily, must have arisen around the time of the last common ancestor of the ␣-proteobacteria. As shown here, the molecular responses of Irr are strikingly different in Bradyrhizobium and Rhizobium. It will be of interest to see if and how Irr proteins of other clades of ␣-proteobacteria respond to iron, and hence heme, availability. Given that these include some massively abundant marine bacteria (Roseobacters and Pelagibacter) and some important pathogens (e.g. the Rickettsias), studies on their iron-responsive regulons will be of wide environmental and medical relevance.
